Antibody-mediated rejection (AMR) is a major cause of kidney graft loss, yet assessment of individual risk at diagnosis is impeded by the lack of a reliable prognosis assay. Here, we tested whether the capacity of anti-HLA antibodies to bind complement components allows accurate risk stratification at the time of AMR diagnosis. Among 938 kidney transplant recipients for whom a graft biopsy was performed between 2004 and 2012 at the Lyon University Hospitals, 69 fulfilled the diagnosis criteria for AMR and were enrolled. Sera banked at the time of the biopsy were screened for the presence of donor-specific anti-HLA antibodies (DSAs) and their ability to bind C1q and C3d using flow bead assays. In contrast with C4d graft deposition, the presence of C3d-binding DSA was associated with a higher risk of graft loss (P,0.001). Despite similar trend, the difference did not reach significance with a C1q-binding assay (P=0.06). The prognosis value of a C3d-binding assay was further confirmed in an independent cohort of 39 patients with AMR (P=0.04). Patients with C3d-binding antibodies had worse eGFR and higher DSA mean fluorescence intensity. In a multivariate analysis, only eGFR,30 ml/min per 1.73 m 2 (hazard ratio [HR], 3.56; 95% confidence interval [CI], 1.46 to 8.70; P=0.005) and the presence of circulating C3d-binding DSA (HR, 2.80; 95% CI, 1.12 to 6.95; P=0.03) were independent predictors for allograft loss at AMR diagnosis. We conclude that assessment of the C3d-binding capacity of DSA at the time of AMR diagnosis allows for identification of patients at risk for allograft loss.
Advances in transplantation medicine over the last decades has nevertheless only marginally improved long-term graft survival. 2 These disappointing results are largely explained by the inadequate control of the humoral arm of recipient immune response, which is now widely recognized as a major cause of late kidney-graft loss. [3] [4] [5] [6] [7] [8] Integration of experimental and clinical data has led to the emergence of a consensus pathophysiologic sequence, in which the binding of circulating donor-specific antibodies (DSAs) to mismatched HLA molecules expressed by graft microvasculature leads to chronic inflammation and progressive tissue destruction. 9, 10 The development of sensitive solid-phase assays to detect anti-HLA antibodies has, however, revealed an unsuspected heterogeneity in their pathogenic potential. [11] [12] [13] [14] [15] [16] A critical issue for patient care is therefore discerning which of the detected antibodies are pathogenic.
On the basis of compelling evidence that complement cascade is an important contributor in antibody-mediated graft destruction, 17, 18 stratification of the risk of graft loss has essentially relied on assays evaluating the ability of DSA to trigger complement activation. Detection of C4d deposition in renal capillaries was historically the first test to evaluate the capacity of graft-bound antibodies to activate the classic complement pathway. 13, 19, 20 However, this assay showed inconsistent performance in predicting the outcome of antibodymediated rejection (AMR). [21] [22] [23] [24] Two tests have been developed to directly assess the capacity of anti-HLA antibodies to bind the complement components that initiate the classic pathway. [25] [26] [27] [28] The detection of C4d-and C1q-binding anti-HLA antibodies in renal graft recipients correlated with shorter graft survival in small cohorts, [29] [30] [31] [32] [33] a result just confirmed for C1q-binding assay in a large cohort by Loupy et al. 34 While these findings are extremely promising, none of these pioneer studies have evaluated the prognostic value of these tests at the diagnosis of AMR, the actual time when the clinician most needs a risk stratification assay that may guide therapeutic decision making.
In the present study, we evaluated whether the ability of DSAs to bind C3d (a cleavage product of C3 positioned downstream the complement cascade) at the time of AMR allows for accurate risk stratification of kidney-allograft loss.
RESULTS

Characteristics of the Study Population
Of 938 kidney transplant recipients followed in our institutions over the study period, 69 (7.3%) fulfilled the diagnostic criteria for AMR 35 and were enrolled in the study (see Concise Methods). Table 1 summarizes their characteristics at the time of transplantation and AMR. Kidney allograft survival was compared with that of a control group (i.e., patients who underwent a kidney biopsy and screening for anti-HLA antibodies, and for whom the diagnosis of AMR was excluded) (Supplemental Table 1 ). Consistent with the literature, kidney allograft survival decreased dramatically after AMR but was highly heterogeneous (68.6%, 53.6%, and 42.2% at 1, 3, and 5 years, respectively) (Figure 1 ), highlighting the need for tools that allow for accurate risk stratification at diagnosis of AMR.
Evaluation of the Ability of DSAs to Activate the Complement Cascade and Association with Allograft Loss On the basis of abundant literature demonstrating the role of the complement in antibody-mediated graft destruction, 17, 18 we hypothesized that an assessment of the capacity of antibodies to activate the complement cascade might be useful for predicting AMR outcome. The ability of DSAs to activate the complement cascade was evaluated at the time of rejection by two methods. The gold standard, indirect immunofluorescence technique, was used to detect the presence of C4d deposits in the biopsy specimens. In parallel, serum was tested for the presence of C3d-binding anti-HLA antibodies using a novel single-antigen flow bead assay. Of the 69 patients, 51 (76%) had C4d deposition in renal graft capillaries, and 40 (58%) had circulating C3d-binding DSA. As expected, a positive correlation was observed between the results of the two techniques: Eighty-five percent of patients (n=34) with C3d-positive antibodies had C4d deposits in their biopsy specimens (Figure 2) , and C4d deposition scores were higher in patients with C3d-binding antibodies (1.7560.92 versus 1.261.1; P=0.04). Nevertheless, 17 (63%) patients with non-C3d-binding antibodies had detectable C4d deposits in their graft and 6 (15%) patients with C3d-binding antibodies had no C4d deposition ( Figure 2) . No correlation was observed between the mean fluorescence intensity (MFI) of C3d-binding antibodies and the presence of C4d deposition ( Figure 2 ).
To determine whether these complement activation assays could help in risk stratification, kidney graft survival was analyzed according to, respectively, the biopsy C4d staining or the serum antibody C3d status at time of AMR (Figure 3 , left panels). The median follow-up period after rejection was 373 days (range, 1-3010 days). In this cohort of patients, the presence of substantial C4d deposition into the graft (score.1) was not associated with a higher risk of graft loss using Kaplan-Meier estimation (log-rank test, P=0.33) ( Figure 3A , upper left panel). In contrast, the presence of circulating C3d-binding DSAs at time of rejection was strongly associated with a higher risk for kidney-graft failure (log-rank test, P,0.001) ( Figure 3B , lower left panel). In the C3d-positive group, the estimations of graft survival were 50.7%, 36.5%, and 24.3% at 1, 3, and 5 years, respectively, versus 93.1%, 77.7%, and 63.6% in the C3d-negative group.
To validate our findings, we studied an independent cohort of 39 patients diagnosed with an AMR at Bordeaux University Hospital (Supplemental Table 2 ). As with the principal cohort, C4d deposition in the graft did not correlate with graft survival (log-rank test, P=0.31) ( Figure 3C , upper right panel) but patients with C3d-binding DSAs showed significantly worse allograft survival than those with non-C3d-binding DSAs (log-rank test, P,0.05) ( Figure 3D , lower right panel).
A recent study has established that the onset of C1q-binding DSA during the first year after transplantation is a strong independent risk factor for renal allograft loss. 34 To evaluate the prognostic value of this C1q-binding assay at the time of AMR, sera from 65 patients from the principal cohort were tested for the presence of C1q-binding DSA. Figure 4A shows a Venn diagram to summarize the logical relation among the three tests evaluating the ability of donor-specific anti-HLA antibodies to activate the complement (i.e., C4d, C3d, and C1q). Although patients with C1q-binding DSA showed a strong tendency for worse allograft survival, the difference with C1q-negative patients did not reach statistical significance (P=0.06 by log-rank test) ( Figure 4B ), suggesting that a C3d-binding assay is more powerful in identifying patients at risk for kidney graft failure at diagnosis of AMR (log-rank test comparing allograft survival according to antibody-C3d status for the same 65 patients tested with C1q-binding assay, P,0.001).
In calculating the specificity, sensitivity, and the positive and negative predictive values of the three assays (i.e., C4d, C3d and C1q), scores were higher for the C3d-binding assay both for the risk of allograft loss within the first year after AMR and within 3 years after AMR (Table 2) . Table 1 shows the characteristics of patients from the principal cohort according to their C3d antibody status (the same information is provided for the patients of the validation cohort in Supplemental Table 2) .
Population Characteristics according to C3d Antibody Status
Baseline characteristics were similar between the two groups at time of transplantation. Of note, the treatment of AMR consisted of steroid pulses, intravenous immunoglobulins, plasmapheresis, or rituximab and was similar between the two groups. Patients with C3d-binding antibodies had a worse estimated kidney graft function at time of rejection than patients with non-complement-binding antibodies (eGFR, 29.560.5 versus 39.2618.5 ml/min per 1.73 m 2 , respectively; P=0.05). The C3d-binding capacity of antibodies also correlated with a higher number and a higher MFI of DSAs. This difference, which was also observed in the validation cohort, existed both when the highest MFI (1089865152 versus 317962629; P,0.001) (Table 1, Figure 5A ) or the sum of MFI (16694611249 versus 418765216; P,0.001) ( Figure  5B ) were considered. Despite this, some patients in the C3d-negative group had DSAs with high MFI, and conversely some patients in the C3d-positive group had DSAs with low MFI ( Figure 5, A and B) . This overlap was even more evident when all detected DSAs in the principal cohort were grouped according to their C3d-binding ability and their MFI was plotted ( Figure 5C ). Of note, when only the 25 sera with the lowest MFI (i.e., ,3500) were considered, the difference in allograft survival between the C3d-positive and C3d-negative groups persisted (P,0.004 by log-rank test) ( Figure 5D ).
Identification of Independent Predictors for Allograft Loss at Time of AMR
Because the C3d-binding positive and negative groups were statistically different for characteristics that may have influ- 
DISCUSSION
The recipient's humoral response against donor HLA molecules is a major cause of kidney graft loss. 3-8 Yet AMR has a highly heterogeneous outcome at the individual level, 36,37 which makes it crucial to develop reliable prognostic tools to better stratify the risk. Ideally, such a prognostic tool should be able to identify patients at risk of graft loss at the time of the diagnosis of AMR, in order to allow for timely adjustment of the treatment.
We analyzed 69 cases of AMR and identified only two factors that independently predicted allograft failure at the time of diagnosis: (1) a low eGFR and (2) the presence of C3d-binding DSA in the circulation.
The negative prognostic value of a low eGFR could have two explanations. First, the eGFR could reflect the intensity of acute antibody-mediated damages. Alternatively, it could trivially indicate that the prognosis of AMR is worse when it occurs on a graft, which already has established damages. The comparison of graft histology favors the last explanation. Patients with an eGFR,30 ml/min per 1.73 m 2 indeed displayed more severe nonspecific chronic lesions (i.e., interstitial fibrosis with tubular atrophy) (Supplemental Table 3 ) but had similar scores for cellular-mediated (t+i) as well as antibody-mediated (g+ptc) lesions (Supplemental Table 3 ). Of note, the score for chronic humoral lesions (cg) was also similar between patients with a low and those with a high eGFR, suggesting that the more severe chronic damages observed in the first group were not due to a delay in AMR diagnosis.
Experimental studies have demonstrated that antibodies directed against the graft can cause injuries in the absence of complement 38 through antibody-dependent cell cytotoxicity and/or direct activation of endothelial cells. 10, [39] [40] [41] Nevertheless, the combination of complement-dependent and -independent mechanisms is synergistically deleterious for the graft, 42 making complement activation a good candidate for risk stratification in AMR.
The binding of C1q to antibodies complexed with antigen activates the serine esterases C1s and C1r, which allow for the cleavage of C4. This, in turn, results in the deposition of C4d in tissue and the assembly of the classic pathway C3 convertase. The latter cleaves C3 into C3a and C3b. 17, 43 C3a is a potent proinflammatory mediator that causes leukocyte recruitment, while C3b propagates the complement cascade leading to the formation of sublytic membrane attack complexes responsible for the activation of endothelial cells. 17, 43 C4d staining in renal capillaries historically represented the gold standard technique to detect complement activation. 17, 19 However, the results of several studies that assessed the performance of this assay in predicting the outcome of AMR have been contradictory. Some studies have reported an association of C4d deposition with an inferior graft survival (for a recent review see Sapir-Pichhadze et al. 24 ). In contrast, other studies have highlighted the limits of this assay in predicting the outcome of AMR. [21] [22] [23] In agreement with the latter, we concluded from the present work that C4d deposition into the graft at the time of AMR did not allow for efficient discrimination between patients who would lose their graft and those who would not.
In contrast, we observed that the ability of DSAs to bind the complement component C3d correlated strongly with the risk of graft failure, a result validated in an independent cohort. Because Loupy et al. 34 recently reported that the onset of C1q-binding DSAs during the first year after transplantation is a strong independent risk factor for allograft loss and is associated with a higher risk of AMR, we continued evaluating the performance of C1q-binding assay to stratify the risk of graft loss at the time of diagnosis of AMR. Despite a strong tendency, the difference in graft survival between groups that were positive and negative for C1q binding did not reach statistical significance.
The difference in performance for C3d-and C1q-binding assays must be further confirmed in independent studies but can likely be explained by the fact that these two tests analyze different steps of the classic complement pathway. The complement system indeed activates through a triggeredenzyme cascade, in which the activation of a small number of complement proteins at the start is hugely amplified by each successive enzymatic reaction. 17, 43 C1q is the first component of the classic complement pathway, and it is therefore not surprising that a C1q-binding assay would exhibit a lower sensitivity than a C3d-binding assay. Another plausible explanation could lie in the regulatory mechanisms preventing uncontrolled amplification of the complement cascade. By limiting C3 convertase formation even when substantial amounts of C1q bind to antibodies, 43 they could reduce the specificity of a C1q-binding assay. In contrast, the presence of C3d on DSA proves the efficient cleavage of C3 and is therefore more closely related to the pathogenic processes damaging the graft.
Finally, an important point to consider is the relative value of this new C3d-binding assay compared with the mere quantification of DSA titer by the MFI. Our data, as well as the ones reported by Loupy et al., 34 indeed indicate a strong correlation between the MFI of DSAs and their ability to activate the complement. This observation was not unexpected because the binding energy required for C1q activation is achieved only when a single molecule of C1q can bind two or more IgG molecules that are held within 30-40 nm of each other, a situation that requires many molecules of IgG. 44 However, C3d-positive DSAs with low MFI do exist and carry higher risk for graft loss ( Figure 5D ).
Another important utility of the C3d-binding assay may be the identification of patients who would benefit from a treatment with eculizumab. This monoclonal antibody, which is capable of blocking the complement cascade, 45, 46 cannot be given to every patient diagnosed with AMR because of its costs and adverse effects.
In conclusion, our study shows that the presence of C3d-binding DSAs at the time of AMR is a strong independent predictor of allograft loss. This finding provides a basis for future clinical trials aimed at testing the efficiency of complement inhibitor agents on this subgroup of high-risk patients.
CONCISE METHODS
Study Population
The reports of all kidney allograft biopsies performed between September 1, 2004, and September 1, 2012, at Edouard Herriot Hospital or Jules Courmont Hospital, the two university hospitals in Lyon, France, were screened (2024 biopsies in 938 patients) by means of the pathology department's computer database (DIAMIC). All kidney transplant recipients who displayed DSAs during the same period were identified through the immunology department's computer database. Information from the two databases was compared to identify patients (n=77) with microvascular inflammation and concomitant DSAs, thus fulfilling the diagnosis criteria of AMR according to the latest Banff classification. 35 A renal pathologist and a nephrologist reviewed all biopsy specimens, and eight patients whose biopsy specimens did not show significant microvascular inflammation were excluded. Serum samples, which had been banked at the time of biopsy, were all retested using the same batch of the same Single Antigen Flow Beads assay (see below).
All patients received an ABO-compatible transplant with negative historical and current complement-dependent cytotoxicity crossmatches. Clinical data were obtained from two independent national registries (Cristal [http:// www.sipg.sante.fr/portail/] and Données Informatiques Validées en Transplantation [http:// www.divat.fr/]) and crosschecked. The characteristics of the patients and their rejections are summarized in the left column of Table 1 . The end of follow-up was set as September 26th, 2013 (mean follow-up duration for the cohort6SD, 21.6621.7 months). Allograft survival in this principal cohort was compared with allograft survival in a control cohort of patients for whom the diagnosis of AMR was excluded (see Supplemental Material).
Observations made for the principal cohort were validated with an independent cohort of patients from the kidney transplantation department of the Pellegrin Hospital, University Hospital of Bordeaux, France (see Supplemental Material).
Allograft Pathology
Kidney graft biopsies were performed systematically as part of the routine follow-up procedure at 3 months and 1 year after transplantation, or when rejection was suspected at the other time points.
Renal specimens were fixed in acetic acidformol-absolute alcohol, and paraffin-embedded sections were stained by routine methods. C4d staining was performed by indirect immunofluorescence on frozen sections using an antihuman C4d complement-rabbit clonal antibody (clone A24-T, produced by DB Biotech, Kosice, Slovak Republic). The renal pathologist (M.R.) and the nephrologist (A.S.) who reviewed the biopsy specimens were blinded to clinical and immunologic information.
Renal allograft lesions were graded according to the Banff classification updated in 2014. Histologic criteria for AMR were defined by a sum of the scores for glomerulitis and peritubular capillaritis $2, with or without concurrent positive C4d staining.
Detection and Characterization of Anti-HLA Antibodies
All the analyses were performed in a blinded fashion by a trained immunobiologist.HLAtyping of donors and recipients was performed by PCR-SSO reverse (One Lambda, Canoga Park, CA).
Serum samples banked at the time of biopsy were analyzed using Single Antigen Flow Beads assays (LSA class I and class II, Lifecodes, Immucor, Norcross, GA). The MFI was measured on a LABscan IS 200, and all the specificities with a MFI .500 and AD-BCR .5 were considered positive (AD-BCR is MFI adjusted to the quantity of coated antigen per bead).
Serum samples were analyzed in a blinded fashion for the presence of C3d-binding donor-specific anti-HLA antibodies (V.D. at the Etablisse- Sixty-seven samples of the 69 were further analyzed for the presence of C1q-binding donor-specific anti-HLA antibodies in a blinded fashion (J.L.T. at the Immunology Department of Pellegrin Hospital, Bordeaux, France) with the use of single-antigen flow bead assays according to the manufacturer's protocol (C1q-binding antibody assay: C1qScreen, One Lambda; see details in Supplemental Material). There was no serum left for two patients, and for two serum samples, results of the test were not interpretable because of high serum background.
Statistical Analyses
Categorical variables were expressed as percentages and compared with the chi-square test. Continuous variables were expressed as mean6SD and compared using the t test. Graft survival was calculated from the date of diagnosis until the beginning of hemodialysis. Survival curves were constructed with the Kaplan-Meier method and compared with the log-rank test.
The Cox proportional hazards regression model was used in both univariate and multivariate models. All significant variables in the univariate analysis with a level set at P,0.1 were incorporated into multivariate models. Complementary analyses with a level set at P,0.02 or P,0.01 to minimize the number of covariates in the multivariate regression model were performed, and they led to similar conclusions (not shown).
All tests were two sided, and P values ,0.05 were considered to represent statistically significant differences. Statistical analyses were done using SPSS software, version 20.0 (IBM, Armonk, NY).
